2

ABSTRACT
The concept of using a thermo-responsive ionic liquid (IL) with an upper critical solution temperature (UCST) as a draw solute in forward osmosis (FO) was successfully demonstrated here experimentally. A 3.2 M solution of protonated betaine bis(trifluoromethylsulfonyl)imide ([Hbet] [Tf2N]) was obtained by heating and maintaining the temperature above 56°C. This solution successfully drew water from high-salinity water up to 3.0 M through FO. When the IL solution cooled to room temperature, it spontaneously separated into a water-rich phase and an IL-rich phase: the water-rich phase was the produced water that contained a low IL concentration, and the IL-rich phase could be used directly as the draw solution in the next cycle of the FO process. The thermal stability, thermal-responsive solubility and UV-vis absorption spectra of the IL were also studied in detail. 
INTRODUCTION
Our planet is rich with oceans, but of all available water, clean, drinkable water amounts to less than half of 1%. The United Nations (UN) estimates that by 2025, 14% of the world's population will encounter water scarcity. 1 Seawater desalination and wastewater reuse are two feasible ways of increasing the supply of fresh water. Reverse osmosis (RO) is a seawater desalination method that uses hydraulic pressure as the driving force for separation. Currently, advanced membrane manufacture and engineering applications have made RO a notable process in the global water desalination market. However, high operation pressure is still a key feature of RO which requires to use electricity to drive expensive high pressure pumps. In contrast, forward osmosis (FO) is a natural osmotic process that uses the osmotic pressure difference between the draw solution and the feed solution as its driving force. The FO process has potential to provide higher osmotic pressure difference and therefore higher water flux. By combining with renewable or waste heat resources, the overall cost of energy in FO can be more competitive. In a special FO process, which is named as pressure-retarded osmosis (PRO), energy can be generated from the concentration gradient. 2, 3 Hence, FO is considered not only a technology competitive with RO in water desalination, but also an energy-conversion device. 4 There are two key components in FO: the semi-permeable membrane and the draw solution. FO was proposed for removing salts from saline water in 1964, 5 but only recently have commercial FO membranes become available and have studies on this area been revitalized. 6 The other main hindrance to the development of FO is the selection and regeneration of the draw solution. Many compounds have been proposed as draw solutes, including but not limited to inorganic and organic salts, organic acids, sucrose, water-soluble gases, magnetic nanoparticles, stimuliresponsive polymer hydrogels, hydrophilic nanoparticles, fertilizers, polyelectrolytes and 4 polyglycol copolymers. 7 These draw solutes can be regenerated by various approaches, and they have certain advantages; however, they also involve significant drawbacks. For examples, among the proposed draw solutes ammonia-carbon dioxide has a high osmotic efficiency (up to 6 M) and thus a high draw ability 8, 9 because of the high solubility and relatively low molecular weight (MW). However, the solution is corrosive; the regeneration process requires an intensive energy input, and the produced water has a high ammonia residue, which has limited usage. Magnetic nanoparticles are easily regenerated, and there is no solute crossover as a result of the large size of the nanoparticles, but their draw ability is low because of their large MW. In addition, magnetic nanoparticles lack long-term stability because they tend to agglomerate after several runs of the cycle. [10] [11] [12] Stimuli-responsive polymer hydrogels can entrap a large volume of water due to the high concentration of hydrophilic groups, and water can be released by a reversible volume change or solution-gel phase transitions in response to heating and pressure [13] [14] [15] .
However, the draw ability is low, and the water extraction and release procedure is slow.
Thermo-responsive copolymers and oligomers with a lower critical solution temperature (LCST)
were also proposed as novel draw solutes for FO processes. [16] [17] [18] The high MW of the copolymers allows the draw solutes to be easily recovered by microfiltration (MF), but it limits the draw ability. The oligomers can draw water from a feed solution of a 0.60 M NaCl solution (equivalent to seawater) at most. Hence, the development of a good and novel draw solute is highly desirable. 36 The structure is shown in Chart 1. Contrary to the LCST-type IL, the UCST-type IL is immiscible with water at room temperature. Thus, when the IL is mixed with water at room temperature, a two-liquid-phase system will appear. One is the water-rich phase (named as the α phase for short hereafter), and the other is the IL-rich phase (named as the β phase for short hereafter). Upon heating above the critical temperature (T c ), the two-liquid-phase system will become a uniform IL solution. This thermal-driven phase change is reversible, and it can be fast. Based on this thermal-responsive solubility, we can design a process to obtain dilute water from salty water as shown in Scheme 1. First, a highly concentrated IL solution is heated to the degree above the T c (approximately 56°C) to become miscible with water, and then it is used as a draw solution to draw water from seawater or another high-salinity water through a FO process.
Afterwards, the IL solution is cooled to room temperature, and it automatically separates into the α phase and the β phase. The α phase contains a low concentration of IL, which may be further purified by nanofiltration (NF). 37 The β phase contains little water and can be reused directly in the next cycle of the FO process. In our study, [Hbet] [Tf2N] was able to extract water from a feed up to 3.0 M NaCl solution through the FO process. The high operation temperature is beneficial for achieving a higher water flux.
Scheme 1. A novel FO process based on a UCST-IL as the draw solution
MATERIALS AND METHODS
Materials.
Betaine hydrochloride (>98%) and lithium bis(trifluoromethanesulfonyl)imide (>98%) were purchased from Sung Young Chemical Limited. Sodium chloride (>99.5%) was purchased from Sigma-Aldrich. Methyl red was purchased from Fluka. All chemicals were used as received without further purification. Water purified by a Milli-Q (Milli Pore) system was [Hbet][Tf2N] shows a tendency to crystallize rather than to form a glass). 36 The NMR results of the crystal are as follows The water flux in a typical FO process was first tested with DI water as the feed and concentrated IL (3.2 M) as the draw solution. Both IL and DI water were first warmed to the target temperature before being poured to the feed and draw side of the FO instrument, respectively, and then the entire instrument was placed in a hot water bath to maintain the target temperature.
The amount of water passing through the membrane during the FO process could be monitored directly from the volume marks on the glass cell. with different NaCl solutions as the feed ranging from 0 (i.e., DI water) to 3.0 M. The operation temperature was set constant at 60°C. The experimental procedure was similar to the description in the previous paragraph. When the experiments stopped after 10 hours, the draw solution was poured to a separation funnel and kept still at room temperature for 2 hours to cool the solution and complete the phase separation. The obtained α and β phases were analyzed to obtain the mass and the concentration of both NaCl and IL, and the results are listed in Table 1 . Figure 6 shows the water flux at different feed concentrations. In comparison, Figure 6 also shows the water flux when a 3.2 M NaCl solution was used as the draw solution at room temperature (23°C) and at 60°C. The concentrated IL, i.e., the β phase, can draw water not only from the seawater level (0.6 M) but also from high-salinity water up to 3.0 M in a measurable amount.
When the concentration of the feed solution increased from 0 to 0.17 M (equivalent to ~1 wt%), the water flux decreased sharply, but further increasing the feed concentration the reduced water flux more slowly. The 3.2 M NaCl solution showed similar trends to the concentrated IL. The water flux of the concentrated IL at 60°C was higher than that of the 3.2 M NaCl solution at room temperature but lower than the 3.2 M NaCl solution at 60°C. The NaCl concentration
14 detected in the produced water, i.e., the α phase, increased when the concentration of the feed solution increased, while the IL concentration detected in the α phase was kept constant approximately 0.36 M, which is close to its saturation concentration. The β phase in this study was reused as the draw solution directly. As shown in Table 1 , NaCl was also detected in the β phase after FO process and phase separation, but the concentration was much lower (less than one tenth) than that in the α phase. If the salt accumulated in the β phase, it could be easily washed away by DI water as described in the previous synthesis section (it will cause some loss of the IL though). 
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Comparing to the SWRO base case, an additional thermal energy of 44.15 KWH per ton of water is required for the FO process, while the electricity for the RO process can be reduced from 2.96 to 0.78 KWH per ton of water. This demonstrates the concept of the FO process which is to utilize renewable or waste thermal energy to replace the more expensive electrical energy in order to achieve a more economic competitive desalination process.
In conclusion, we studied here for the first time the use of a UCST-type IL as a novel draw solute approximately 56°C, which is relatively low and would be beneficial for energy conservation.
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Solar energy would be a good thermal resource for this process, and this novel thermal change FO process has special potential benefit for the desert area such as Saudi Arabia which possesses a huge potential for solar energy and has limited supply of fresh water. Compared to reported LCST-type IL, the UCST-type IL requires the FO process to be conduct at higher temperature.
Conducting the FO process at higher temperatures in one hand can help increase the water flux.
The draw ability is much higher, which is beneficial to improve the water recovery rate.
However, from the other hand it also raise a concern of the membrane stability. The Toray© YM70ACSP18 type of BWRO membrane showed good stability during our experimental studies, although its long-term stability still needs to be investigated. However, this concern can also be addressed by the recent development of inorganic membranes such as zeolite, carbon nanotube and graphene, etc., which have already shown good performance in RO and FO application. [39] [40] [41] [42] The other issue of [Hbet] [Tf2N] is its relative high concentration in the α phase.
Reducing the saturation concentration in the α phase would increase the potential and eventually make the procedure studied in this work more feasible for seawater desalination. This achievement may be possible by optimizing the structure of the IL. analyzer; λ max , the maximum UV-vis absorption wave-length.
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